Nakai R, Azuma T, Sudo M, Urayama S, Takizawa O, Tsutsumi S. MRI analysis of structural changes in skeletal muscles and surrounding tissues following long-term walking exercise with training equipment. J Appl Physiol 105: 958 -963, 2008. First published July 3, 2008 doi:10.1152/japplphysiol.01204.2007.-Muscular recovery after exercise is an important topic in sports medicine, and accurate and quantitative measurements of changes in muscle are required to assess muscular recovery. In the present study, we report a new analytical method to measure muscular changes quantitatively. The technique consists of three independent methods: image processing of two-dimensional MR images, morphological analysis using three-dimensional MR images, and diffusion tensor MRI. Using this method, we investigated changes in the quadriceps and biceps femoris and gluteus maximus muscles and surrounding tissues before and after 1 mo of exercise wearing training equipment. The subjects were 21 healthy adult female volunteers, 14 of whom wore training equipment and 7 who wore normal equipment. The percentage of adipose tissue in muscle after exercise in subjects who wore training equipment was on average 4.4% (P Ͻ 0.001) lower than that before exercise, and the peak point of the dorsal hip after exercise with use of the equipment was on average 10.8 mm higher than that before exercise. Further, the fractional anisotropy of water diffusion in muscles increased by an average of 0.039 (P Ͻ 0.001) after exercise with use of training equipment. In contrast, there was no significant difference before and after exercise in subjects who wore normal equipment. These results show that walking exercise while wearing training equipment thickens and tightens the muscular fiber tissues. This noninvasive measurement approach may allow quantitation of the athletic ability of the muscles, which is not measured conventionally, and is an effective method for analyzing skeletal muscles. magnetic resonance imaging; image analysis MUSCLES are broadly classified into skeletal muscle, smooth muscle, and myocardium. There are more than 400 skeletal muscles of different sizes, and these comprise ϳ40% of body weight. Skeletal muscles are referred to as voluntary muscles, since they are innervated by motor neurons and cannot contract without nerve stimulation. These muscles are attached to the skeleton and control the joints by contraction; therefore, they play a very important role in joint motion (4, 7, 17) .
ber of muscle fibers, and the muscle fiber type. Muscular strength increases because of an increase in muscle mass caused by an increase in the muscle fiber cross-sectional area. Muscle mass and shape both change with use frequency; for example, muscle fibers are thickened by training with appropriate external pressure, whereas muscle mass is decreased with reduced usage and muscles are thinned (2, 3, 5, 12) . Many studies have examined the physiological mechanism of muscle hypertrophy and atrophy, and these processes have gradually been elucidated at the genetic level, including establishment of the role of growth factors and hormones (1, 9, 11, 18) . Such molecular analysis is important, but simple noninvasive quantitative measurement of changes in muscle is required to diagnose the clinical effects of exercise and the progress of diseases.
Conventionally, measurement of muscular volume has mainly been performed for assessment of muscular change. However, volume measurement does not allow evaluation of the cause of the change, and therefore we have developed a new analytical method to measure muscular changes quantitatively. The technique includes three independent methods: image processing of two-dimensional MR images (M1), morphological analysis using three-dimensional MR images (M2), and diffusion tensor MRI (M3), which permits imaging of the microstructure. In the present study, changes in stressed quadriceps and biceps femoris and gluteus maximus muscles and surrounding tissues were measured using this method.
MATERIALS AND METHODS
The subjects were 21 healthy adult female volunteers who gave written informed consent after receiving a full explanation of the study. We have received approval of this experiment from our Review Committee. Fourteen subjects wore training equipment designed to exert appropriate stress on the quadriceps and biceps femoris and gluteus maximus muscles (Bottom Clothes, Hip Walker, Wacoal), and 7 subjects wore normal equipment. All subjects took walking exercise of more than 10,000 steps/day in normal life. The number of steps was measured using a pedometer. The subjects underwent MRI (Magnetom Sonata 1.5T, Siemens; maximum amplitude 40 mT/m, slew rate 200 mT ⅐ m Ϫ1 ⅐ ms Ϫ1 ) with coils (phased array coils) in a prone position before and after 1 mo of exercise wearing training or normal equipment.
M1: gray scale analysis. MR images were taken in the sagittal plane using a Turbo Spin Echo sequence [repetition time (TR), 910 ms; echo time (TE), 10 ms; flip angle, 150°; bandwidth, 205 Hz/pixel; slice thickness, 3.5 mm; matrix size, 288 ϫ 512; field of view (FOV), 202.5 ϫ 360 mm; pixel size, 0.7ϫ0.7 mm; average, 3; echo train length, 3; scan time, 2 min 14 s; 25 slices; slice distance factor, 10%] and fat-suppressed Turbo Spin Echo sequence (TR, 1,410 ms; TE, 9.9 ms; flip angle, 150°; bandwidth, 205 Hz/pixel; slice thickness, 3.5 mm; matrix size, 288 ϫ 512; FOV, 202.5 ϫ 360 mm; pixel size, 0.7 ϫ 0.7 mm; average, 3; echo train length, 3; scan time, 4 min 34 s; 25 slices; slice distance factor, 10%). The right femur condyle was defined as the center of the imaging region. Linear hyperintensity objects (adipose tissue) were extracted from the two types of acquired images, using the following image processing procedures (21) . First, MR images (discrete images) were smoothed using a Gaussian filter to produce continuous images. Discrete images are expressed as f(x i,yi), and continuous images as f(x,y) in the following equation. Parameter is 1.5.
is shown by the following equation.
In the next step, linear hyperintensity object (adipose tissue) images were extracted from processed continuous images using a method to extract pixels showing hyperintensity in muscle. The two-dimensional image Fig. 1 . Images around the pelvis in the sagittal plane, acquired using a Turbo Spin Echo sequence. The area with hyperintensity pixels in muscle is indicated by arrows. Fig. 2 . Images at the same site as that in Fig. 1 , acquired using a fat-suppressed Turbo Spin Echo sequence. The area with hyperintensity pixels shown in Fig. 1 is no longer apparent in the muscle. The disappearance of the hyperintense region in the fat-suppressed sequence suggests that this region was adipose tissue in muscle.
f(x,y) is shown as a Taylor expansion near the point (x,y) by Eq. 3, where ٌf(x,y) is the first derivative of f(x,y), and H(x,y) is the Hessian matrix.
In addition, ٌf(x,y) and (dx,dy) can be shown by Eq. 4. The eigenvalue and eigenvector of the Hessian matrix are i and vi, respectively, and ki and i are coefficients (i ϭ 1,2).
Because the Hessian matrix is a symmetric matrix, the eigenvector is orthogonal, and therefore Eq. 3 can be transformed into Eq. 5.
Curve C i() becomes a parabola obtained by substituting ϭ 0 for C (1, 2) and is given by Eq. 6 with respect to the curve in the section where C(1,2) is cut along the vi.
Curvature i in the direction of the vi for point (x,y) on curved surface f(x,y) is shown by Eq. 7.
The linear hyperintensity area was treated as a curved surface and images were extracted on the basis of this curvature. The number of pixels showing hyperintensity, which corresponds to adipose tissue in muscle, was counted in extracted images to determine the percent change in hyperintense pixels in muscles before and after the exercise period.
M2: morphological analysis. MR images were taken in the sagittal plane using a three-dimensional (3D) spoiled gradient-echo sequence (3D Volumetric Interpolated Breath-hold Examination, 3D-VIBE) (TR, 3.31 ms; TE, 1.3 ms; flip angle, 12°; bandwidth, 490 Hz/pixel; slice thickness, 2.5 mm; matrix size, 160 ϫ 256; FOV, 187.5 ϫ 300 mm; pixel size, 1.17 ϫ 1.17 mm; average, 1; scan time, 19 s; 144 slices). The pelvis was defined as the center of the imaging region. The subcutaneous fat layer was removed from the image of each slice, and a 3D surface model was produced from the extracted data using a marching cubes algorithm (15, 16) . On processed surface models generated from images taken before and after use of the equipment, landmarks (origin of right adductor longus, origin of left adductor longus, origin of right sartorius, and origin of left sartorius) on the anterior surface of the body were selected and registered by 3D Helmert transformation using the least-squares method.
The peak point of the dorsal hip in the posterior direction was determined from the 3D surface model before and after the exercise period, using the maximum coordinate of the 3D surface model in the posterior direction. The distance in the superior direction between two peak points was calculated by subtracting the coordinates of the superior direction of the peak point after the exercise period from the coordinates of the superior direction of the peak point before exercise. The distances were compared between training and normal equipment.
M3: diffusivity analysis. MR images were taken in the sagittal plane using a SE-EPI diffusion-weighted sequence (TR, 4,100 ms; TE, 66 2 ; motion probing gradient, 6 directions). The right femur was defined as the center of the imaging region. Using an application we developed, fractional anisotropy (FA) was estimated from the image data using diffusion tensor analysis. Mean FA values measured in a 7 ϫ 14-pixel region of interest (ROI) in each muscle were compared before and after the exercise period.
FA defined by the above equation expresses the anisotropic ratio of water diffusion for each voxel; i.e., FA is 0.0 when water diffuses isotropically and 1.0 when water diffuses in one direction only. 1, 2, and 3 are eigenvalues of the diffusion tensor (6, 8, 13, 14) .
RESULTS

M1
: gray-scale analysis. Images acquired using a Turbo Spin Echo sequence and a fat-suppressed Turbo Spin Echo sequence at the same site are shown in Figs. 1 and 2 , respectively. In the image in Fig. 1 , hyperintensity areas (indicated by arrows) were detected between the muscular tissues, whereas in the image in Fig. 2 the pixel value of the hyperintensity area between the muscular tissues in Fig. 1 was reduced. The reduced signals in the fat-suppressed image suggest that this area was adipose tissue.
Images processed by extraction of linear hyperintensity objects (adipose tissue) from the image acquired using a Turbo Spin Echo sequence are shown in Fig. 3 . In the processed image, the number of pixels extracted as adipose tissue in muscle was counted and divided by the number of muscular pixels to calculate the percentage of extracted pixels (those corresponding to adipose tissue in muscle) in each slice. The mean of these percentages from before to after the exercise period with training equipment is shown in Table 1 , and those for use of the normal equipment are shown in Table 2 . In subjects who wore training equipment, the percentage of adipose tissue after exercise (14.7 Ϯ 2.9%) was on average 4.3% lower than that before exercise (19.0 Ϯ 3.9%), and the difference was significant (P Ͻ 0.001). In contrast, there was no significant difference (before exercise 16.8 Ϯ 7.3%; after exercise 16.8 Ϯ 6.9%) in these data in subjects who exercised while wearing normal equipment. Individually, in subjects who wore training equipment, 12 subjects showed a significant difference at P Ͻ 0.01, one subject showed a significant difference at P Ͻ 0.05, and the one remaining subject showed a difference at P Ͻ 0.1. In six subjects who wore normal equipment, there was no significant difference. Adipose tissues were increasing in one subject (P Ͻ 0.1). Fig. 5 . Comparative 3D surface data of the dorsal hip before and after exercise while wearing training equipment. The color reflects the distance in the anterior-posterior direction between the 2 data sets. If the point after exercise is positive in the posterior direction, the point is indicated as ϩ (green-red in the color bar). In contrast, if the point is negative, it is indicated as Ϫ (green-blue in the color bar). In the bottom part, muscles after exercise while wearing training equipment are more negative in the posterior direction, with the opposite relationship in the top part. This result suggests that muscular shape was changed, and hip muscles were raised by exercise using the training equipment. M2: morphological analysis. 3D surface data of the dorsal hip were compared before (Fig. 4A) and after (Fig. 4B) exercise using training equipment. The peak point is shown in Fig. 4 . A comparative analysis image is presented in Fig. 5 , and data for the peak point of the dorsal hip are shown for subjects who exercised with training and normal equipment in Table 3 . A positive value indicates that the peak point of the dorsal hip after exercise was higher in the superior direction compared with that before exercise.
The peak point of the dorsal hip was an average of 10.8 mm higher after exercise with training equipment, but only an average of 1.2 mm higher in subjects who exercised with normal equipment, with these data showing a significant difference (P Ͻ 0.001). The results indicate that the peak point shifted in the superior direction, showing that the muscle shape was changed; i.e., the hips were held higher.
M3: diffusivity analysis. FA map around the pelvis in the sagittal plane is shown in Fig. 6 . Comparative data for mean FA in muscles before and after exercise for subjects who wore training equipment are shown in Table 4 . FA after exercise with training equipment (0.431 Ϯ 0.037) was on average 0.039 higher than that before exercise (0.392 Ϯ 0.042), and these data showed a significant difference (P Ͻ 0.001). Individually, in subjects who wore training equipment, 10 subjects revealed a significant difference at P Ͻ 0.01, three subjects showed significance at P Ͻ 0.05, and the one remaining subject showed a difference at P Ͻ 0.1.
Comparative data for mean FA in muscles before and after exercise in subjects who wore normal equipment are shown in Table 5 . There was no significant difference (before exercise: 0.391 Ϯ 0.045, after exercise: 0.380 Ϯ 0.046). In detail, there was no significant difference in six subjects, and in one subject FA decreased and showed a difference at P Ͻ 0.1.
This suggests that the anisotropic orientation of water diffusion in muscles increased after exercise with training equipment; i.e., increased FA indicates increased orientation of muscular fiber (Fig. 6 ).
DISCUSSION
The results (M2) shown in Table 3 suggest that the muscular outer shape of the hip itself was changed and the maximum peak point was shifted in the superior direction by an average of 10.8 mm. This muscle change induced lifting of the hips, including subcutaneous fat. Furthermore, adipose tissue between muscles (muscular fiber bundles) decreased after exer- In the comparison between training and normal equipment, the distance (M2) between the peak points of the dorsal hip showed a significant difference (P Ͻ 0.001). Furthermore, in subjects who wore training equipment, there was a significant difference (P Ͻ 0.001) (M1 and M3). In contrast, there were no significant differences in subjects who wore normal equipment. It was suggested by these results (M1-M3) that training equipment is effective in that muscles were denser and tightened.
About the analytical method in the present study, average P value of M3 was higher than M1. Although this cause is the difference in tissue structure, and since there are a noise and distortion in a diffusion-weighted imaging of MRI, accuracy decrease has influenced the cause. Also in the technique of M2, accuracy may decrease according to the error about the creation of the 3D surface model. Therefore, in these methods, M1 may be the best in accuracy. However, since these three methods are investigating a different factor from the adipose tissue in muscles, outer shape, and internal muscular structure, each method is significant to the evaluation of the muscle state and quality. In addition, the overall evaluation by the results of three methods (M1-M3) is also important. The conclusions are strengthened by showing a significant difference in all the methods. In this research, the significant difference was obtained in all three methods. This reinforces the result that muscles were denser and tightened by exercise with training equipment and that training equipment was very effective.
In former papers (10, 22) , measurement method of intramuscular adipose tissue was mainly the technique of measuring using an intensity threshold value. The method that uses an intensity threshold value is influenced by the intensity of surrounding pixels or the sensitivity of coils. In M1 in the present study, the above-mentioned problem is solved and adipose tissue with less quantity can also be detected. Analysis like M3 using diffusion tensor MRI is performed frequently these days (19) . The control of the distortion of diffusion tensor MRI is difficult. In this research, distortion is suppressed using twice-refocused spin echo. Recently, research of mfMRI has been done frequently (20) . If muscle functional MRI were taken in into these analysis methods in future studies, more information will be able to be acquired.
In the present study, training by exertion of stress on muscles was conducted and changes in muscle shape and inner tissues were examined using MRI. Walking exercise at more than 10,000 steps/day while wearing training equipment thickened and tightened the muscular fiber tissues. This occurred because the equipment exerted more stress on the biceps femoris and gluteus maximus muscles, providing a significant effect of exercise. The muscular training effect was examined using three techniques, which showed that both the muscular outer shape (M2) and the internal muscular state could be investigated based on the percentage of adipose tissue in muscles (M1) and FA (M3). This noninvasive approach may allow quantitation of the athletic ability (quality) of the muscles, which is not measured conventionally, and is an effective method for analyzing skeletal muscles.
